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Introduction {#sec005}
============

Therapeutic hypothermia (TH) reduces death and severe disability in newborn infants suffering moderate to severe perinatal asphyxia. However, 40--50% of these infants still have poor developmental outcome \[[@pone.0156759.ref001]\]. Therefore, improving outcome in asphyxiated newborns remains an ongoing challenge. Both pre-clinical animal model studies \[[@pone.0156759.ref002], [@pone.0156759.ref003]\] and randomised controlled trials \[[@pone.0156759.ref001]\] indicate, that TH best improves outcome in asphyxiated newborns with moderate brain injury applied within a limited time window of \<6 hours after birth \[[@pone.0156759.ref004], [@pone.0156759.ref005]\]. Following severe asphyxial brain injury, however, TH seems to have a reduced effect, or even no effect \[[@pone.0156759.ref005]\]. This may explain the significant proportion of asphyxiated newborns that still have a poor outcome \[[@pone.0156759.ref001]\]. Early identification and treatment still comprises an important ongoing clinical challenge demanding the development of improved treatment options.

The anesthetic gas xenon (Xe) has been shown to double neuroprotection after moderate hypoxic-ischemic (HI) brain injury in newborn animal models when combined with TH \[[@pone.0156759.ref006]--[@pone.0156759.ref008]\]. When inhaled in a sub-anesthetic dosage of 50%, Xe is both neuroprotective and stabilizes the blood pressure and cerebrovascular reactivity \[[@pone.0156759.ref007], [@pone.0156759.ref009]\]. Due to the additive neuroprotective effect of TH+Xe after moderate experimental HI seen after both short (1 week) \[[@pone.0156759.ref010]\]and long term (adulthood) survival \[[@pone.0156759.ref006], [@pone.0156759.ref007], [@pone.0156759.ref011]\], TH and Xe is a promising combination treatment for infants with severe hypoxic brain injury. Approved safety studies in pigs \[[@pone.0156759.ref007], [@pone.0156759.ref012]\] led to the clinical feasibility study of adding Xe as treatment in infants undergoing TH after perinatal asphyxia \[[@pone.0156759.ref013]\]. This step-up dose study with 18 month follow-up showed that it was feasible to treat with 50% inhaled Xe for 18 hours while undergoing 72h of TH \[[@pone.0156759.ref013]\]. Recently, a randomised clinical trial combining treatment of 30% Xe for 24h with 72h TH in asphyxiated infants was published, showing no effect of the combined treatment after moderate or severe asphyxia \[[@pone.0156759.ref014]\]. A recent study in adults examined TH alone versus TH+50%Xe for 24h after out of hospital cardiac arrest \[[@pone.0156759.ref015]\]. They found less white matter injury on MRI scan examined 2--3 days after the arrest in the TH+50%Xe group, but no difference in death or neurological outcome after 6 months.

Experimentally, following severe HI, immediate TH is not neuroprotective after short-term survival in seven day old rats \[[@pone.0156759.ref005]\]. However, it is unknown, if immediate TH combined with 50% Xe will improve short and long term outcome following experimental severe HI.

Material & Methods {#sec006}
==================

Procedures {#sec007}
----------

All experiments were approved by the University of Bristol\`s (30/2729) and University of Oslo's (12--4343) animal ethics research committees. Experiments were performed on 7-day-old (P7) Wistar rats of both sexes randomised prior to treatment across litter, sex and weight. Dams with pups were kept in an animal facility with a 12:12h dark:light cycle at 21°C with food and water ad libitum. Pups were weighed and checked for health daily.

Severe Hypoxic-Ischemic Injury {#sec008}
------------------------------

One-hundred and twenty P7 rat pups of both sexes from 12 litters underwent a left common carotid ligation under general anesthesia, followed by recovery with their dam for a minimum of 30min, as previously described \[[@pone.0156759.ref005]\]. After a maximum delay of 180min from the time of ligation, pups were exposed to 8% oxygen for 150min at a rectal temperature (T~rectal~) of 37.0°C in a temperature-controlled chamber. This results in a severe hypoxic-ischemic insult with around 60% hemispheric area loss \[[@pone.0156759.ref005]\]. A T~rectal~ of 37.0°C±0.2°C was achieved within 15min. Rectal temperature correlates within 0.1°C of brain temperature in P7 rats \[[@pone.0156759.ref016]\]. The temperature was continuously measured in "sentinel" pups with a rectal temperature probe (IT-21, Physitemp Instruments, Clifton, USA, n = 6) or a skin probe (CritiCool, MTRE, Yavne, Israel, n = 6) on the abdomen and maintained with a servo-controlled mat (CritiCool, MTRE, Yavne, Israel). Each treatment group included two sentinel pups at the same time in each treatment chamber (one rectal probe, one skin probe). The water temperature in the mat, on which the pups were resting, was servo-controlled by the rectal probe animal. Both probes were calibrated to ±0.1°C over a range of 20.0 to 40.0°C against a certified mercury-in-glass thermometer (BS593; Zeal, London, UK). Twenty-three pups died during this severe hypoxic insult. Animals that carried a temperature probe were excluded from further analysis (n = 12). After excluding deaths and probe animals, eighty-five pups were allocated ([Table 1](#pone.0156759.t001){ref-type="table"}) to one of the following treatments: immediate experimental normothermia at T~rectal~ 37°C for 5h in air (NT-37, n = 36); immediate hypothermia at T~rectal~ 32°C for 5h in air (TH-32, n = 25); or immediate TH-32 plus 50% inhaled Xe for 5h (TH-32 + Xe50%, n = 24). In the treatment groups, both a T~rectal~ of 32.0°C±0.2°C and a stable Xe concentration was achieved within 15min. In the Xe group, the Xe concentration within the chamber was monitored continuously using our previously described closed re-circulating system that conserves Xe \[[@pone.0156759.ref006]\]. During the treatment period the condition of the pups was visually monitored within the treatment chamber every five minutes. We have previously shown that P7 pups have normal respiratory drive and pCO~2~ values whilst being cooled with or without 50% Xe delivery \[[@pone.0156759.ref017]\]. No clinical seizures were observed. After the treatment period, pups were immediately removed from the chamber and returned to their dam.
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###### Weight at 7 days of age (P7) and weight gain after 7 days of survival (P14) across the three treatment groups.

Values are median (IQR). Treatment groups are NT-37: normothermia, kept at T~rectal~ 37°C for 5h; TH-32: hypothermia, kept at T~rectal~ 32°C for 5h; TH-32+Xe50%: combined treatment of TH-32 and 50% inhaled Xe for 5h.

![](pone.0156759.t001){#pone.0156759.t001g}

                          NT-37                TH-32              TH-32 + Xe 50%
  ----------------------- -------------------- ------------------ --------------------
  **Total number, Sex**   n = 36, 18 Male      n = 25, 12 Male    n = 24, 13 Male
  **Weight P7**           12g (12.0--13.0)     12g (11.0--13.5)   12.5g (11.0--13.0)
  **Weight P14**          19.5g (18.0--21.0)   20g (18.0--21.5)   20g (18.3--22.8)

Area Measurement (Brain Area Loss) {#sec009}
----------------------------------

After seven days of survival all animals were deeply anesthetised with isoflurane/N~2~O. After sufficient anesthesia transcardiac perfusion with 10% neutral-buffered formalin was performed before decapitation. Brains were manually removed and kept in 10% neutral-buffered formalin until further processing \[[@pone.0156759.ref005], [@pone.0156759.ref010]\]. Coronal 3mm blocks were cut through the brain using a standard matrix for uniformity (ASI Instruments Inc., Warren, USA) and were embedded in paraffin. Blocks were further cut into 5 μm sections and stained with haematoxylin and eosin (H&E) ([Fig 1](#pone.0156759.g001){ref-type="fig"}). Two sections from each of two neighbouring blocks representing cortex, hippocampus, basal ganglia and thalamus, were scanned (Epson, Perfection V30, Telford, UK) at 1200 dpi resolution. To measure the area of brain tissue loss, the image of each section was opened in ImageJ software (ImageJ, version 1.43, National Institutes of Health, USA), by an individual blinded to the experimental allocation. The midline of each brain section was identified on the image and the brain divided by its hemispheres (left vs right), and the viable tissue in the left and right hemisphere measured, as previously described \[[@pone.0156759.ref005], [@pone.0156759.ref010]\]. The ratio of the hemispheric areas was calculated for the two sections per brain and the average percentage of area loss was calculated respectively ((1---(Area Ratio (left vs right)) x 100).

![Rat brain placed in a standard matrix for uniformity.\
The rat brain is cut in 6 coronal blocks. Of these, block number 3 and 4 were used for further processing and analysis and stained with hematoxylin & eosin. Representing sections of animals from the different treatment groups, showing severely damaged brains in both sections and in every treatment group.](pone.0156759.g001){#pone.0156759.g001}

Immunohistochemistry and Neuronal Cell Counting in the Subventricular Zone {#sec010}
--------------------------------------------------------------------------

To evaluate a more detailed effect of different treatments on neuronal injury in a representative subset of animals, immunohistochemistry analysis was performed at P14 using NeuN, a neuronal marker, as previously described \[[@pone.0156759.ref018]\]. Paraffin-embedded tissue was deparaffinised in xylene and rehydrated in decreasing concentrations of ethanol. Antigen retrieval was then performed in a citrate buffer solution pH 6.0, using a PT link instrument (Dako, Glostrup, Denmark). After blocking in 10% goat serum, primary rabbit antibody against NeuN (1:500; Millipore) was applied overnight at room temperature. After rinsing with PBS, the slices were incubated for 1 h at room temperature with secondary Alexa Fluor 568 and/or 488 (Invitrogen, 1:500) antibodies. Finally, the slides were rinsed and coverslipped with ProLong Gold with DAPI (Invitrogen). Sections were scanned with a virtual microscopy scanner (Axio Scan.Z1; Carl Zeiss, Jena, Germany) using the fluorescence mode with plan apochromatic 20× lens. Virtual slides were exported as high-resolution tiff images for further analysis.

To quantify neuronal injury, we have previously analysed the area of the hippocampus, as main region of interest after mild and moderate HI \[[@pone.0156759.ref019]\]. However, due to the extent of hippocampal damage and tissue loss in the severe model, the hippocampus could not be analysed \[[@pone.0156759.ref005]\]. Therefore, to quantify the effect of different treatments on neuronal injury, neurons in the subventricular zone were counted, as this region is also highly vulnerable after HI in newborn rats ([Fig 2](#pone.0156759.g002){ref-type="fig"}) \[[@pone.0156759.ref020]\]. Viable neurons from three non-overlapping fields from 13 animals per group were counted by an individual blinded to the treatment groups, as previously described \[[@pone.0156759.ref018]\]. A standardised grid was created and applied to the mid-ventricular section of each image using virtual microscopy scanner software (Axio Scan.Z1; Carl Zeiss, Jena, Germany).

![Scanned mid-brain section best representing the cortex, hippocampus, basal ganglia and thalamus.\
Neuronal cell counting was performed in the subventricular zone. A customised grid was used to count cells in three non-overlapping fields. Each analysed brain had the same sized grid applied at the mid-ventricular region as depicted by the white rectangle. Neurons were counted if they displayed large, round nuclei (DAPI, blue) and NeuN co-staining (red).](pone.0156759.g002){#pone.0156759.g002}

Data Analysis {#sec011}
-------------

Statistical analyses were performed with SPSS version 22 (SPSS Inc., Chicago, USA). For two-group comparisons the Wilcoxon-Mann-Whitney U-test was used. One way ANOVA was used to compare the different treatment groups. Effects of sex and weight of pups on brain area loss were analysed by linear regression. Two-sided testing with *p*\<0.05 was considered statistically significant. Descriptive data are presented as median and interquartile range (IQR).

Results {#sec012}
=======

There was no significant difference between the groups regarding sex, weight at P7 or weight gain at P14 ([Table 1](#pone.0156759.t001){ref-type="table"}). Twenty-one percent died during the severe HI insult.

Brain Area Loss {#sec013}
---------------

The median (IQR) brain area loss was 63.5% (55.5--75.0) in the NT-37 group, 65.0% (57.0--65.0) in the TH-32 group, and 66.5% (59.0--72.0) in the TH-32 + Xe50% group ([Fig 3](#pone.0156759.g003){ref-type="fig"}). Linear regression showed no significant effect of sex or weight on brain area loss.

![Vertical scatter plot with median (IQR) brain area loss across the different treatment groups.\
There was no reduction in brain area loss in either the therapeutic hypothermia group or in the combined therapeutic hypothermia plus 50% inhaled xenon group. NT-37: normothermia at T~rectal~ 37°C for 5h (n = 36); TH-32: hypothermia at T~rectal~ 32°C for 5h (n = 25); TH-32 + Xe50%: TH-32 plus 50% inhaled Xenon for 5h (n = 24).](pone.0156759.g003){#pone.0156759.g003}

Neuronal Cell Counting in Subventricular Zone {#sec014}
---------------------------------------------

There was no difference in the number of NeuN stained neurons in the subventricular zone between the different treatment groups ([Fig 4](#pone.0156759.g004){ref-type="fig"}). Median (IQR) number of counted neurons for the different treatment groups were 148.0 (127.5--173.0) in the NT-37 group; 159.5 (143.5--188.0) in the TH-32 group; 150.0 (124.0--187.0) in the TH-32 + Xe50 group.

![Vertical scatter plot with median (IQR) number of neurons in the subventricular zone.\
There was no significant difference between the different treatment groups (n = 13 per group).](pone.0156759.g004){#pone.0156759.g004}

Discussion {#sec015}
==========

This study shows that neither immediate hypothermia alone, nor combined with 50% inhaled Xenon, provides short term neuroprotection after severe hypoxia-ischemia in an established neonatal rat model of severe hypoxic-ischemic (HI) brain injury. This is consistent with our previous findings \[[@pone.0156759.ref005]\]. We have previously developed this severe HI injury neonatal rat model by increasing the duration of hypoxia from 90 to 150min and temperature during the hypoxic-ischemic insult from 36°C to 37°C, compared to the standard Vannucci moderate brain injury model \[[@pone.0156759.ref005]\].

It is important to establish early safe treatment options, combined with TH, to improve outcome in severely asphyxiated newborns. Early biochemical or physiological markers that can be used to identify the infants at the highest-risk are required, however this small animal model with injury to the brain, but not the body, is not suitable for this global question.

Xenon, an inhalational anesthetic, has been shown to additively double neuroprotection in both this neonatal Vannucci rat brain injury model, as well as in the global hypoxia-ischemia newborn pig model \[[@pone.0156759.ref006], [@pone.0156759.ref007], [@pone.0156759.ref010]\]. This is thought to be mainly due to antagonism of the N-methyl-d-aspartate (NMDA) glutamatergic receptor \[[@pone.0156759.ref021]\]. Xenon is a low-affinity non-competitive NMDA receptor antagonists that reduces glutamate-triggered excitotoxicity \[[@pone.0156759.ref022]\]. Importantly, in contrast to high-affinity NMDA receptor antagonists, Xe does not appear to have any neurotoxic effects \[[@pone.0156759.ref023]\]. When administered at a sub-anesthetic dosage (50%), Xe also stabilises blood pressure and cardiac output and reduces the need for inotropes \[[@pone.0156759.ref009]\]. This might be partly due to increased neuronal norepinephrine levels as a result of Xe-mediated antagonism of norepinephrine reuptake \[[@pone.0156759.ref024]\].

We have shown previously, that breathing 50% Xe for 24h is safe and does not increase neuroapoptosis in healthy newborn pigs when combined with additional opioid sedation as used clinically \[[@pone.0156759.ref025]\]. As Xe with TH is additively neuroprotective in preclinical models of moderate HI \[[@pone.0156759.ref006], [@pone.0156759.ref007], [@pone.0156759.ref010]\], we hypothesised that adding 50% Xe to TH might be a beneficial treatment option following severe HI. There are some limitations to our study. Firstly, we have not undertaken a long term survival study in the severe model and may therefore have missed a long term positive effect of Xe. As shown in this animal model, certain short-term neuropathological markers do not always predict long-term injury \[[@pone.0156759.ref026]\] and neurobehavioural long term improvement can be seen that are not predicted solely by short-term pathology \[[@pone.0156759.ref027]\]. In a recent long term study on delayed TH and Xe with survival to adulthood, we found that the functional recovery had normalised on testing, and was significantly better in the Xe+TH group as compared to TH alone \[[@pone.0156759.ref011]\], despite a non-significant difference in hemispheric area loss. Recently, a short term clinical survival study did not find an additional neuroprotective effect of adding 30% Xe to TH in asphyxiated newborns \[[@pone.0156759.ref014]\]. Xenon was added late, at a median age of 10h after birth. However, with these limitations in design and follow up, there is still a possibility that adding Xe to TH is neuroprotective and that we have not yet developed the optimal protocol. Since no neuroprotective effect was noted after the combined treatment with TH and Xe in the severe model, it is possible that the Xe concentration, duration or survival time was too short to find an effect. For instance, Robertson et al. have shown that 30% Xe administered for 24h in combination with TH resulted in additional neuroprotection in a newborn pig model of moderate encephalopathy \[[@pone.0156759.ref012]\]. Franks et al. and Ma et al. have both shown a dose-response relationship between the dose of Xe and its neuroprotective potency \[[@pone.0156759.ref008], [@pone.0156759.ref026]\]. We have previously shown in newborn rats and pigs, that 50% inhaled Xe combined with TH doubles neuroprotection, and therefore chosen this concentration in the current study \[[@pone.0156759.ref006], [@pone.0156759.ref007], [@pone.0156759.ref010]\]. Fifty percent inhaled Xe is a feasible concentration to be delivered to asphyxiated newborns, as most asphyxiated newborns require some oxygen treatment \[[@pone.0156759.ref013]\]. Additionally, changing the temperature following severe HI injury might be an additional treatment option. However, it has been shown by Wood et al. that neither increasing nor lowering the temperature within the range 26--33.5°C following severe HI improves neuroprotection in this animal model \[[@pone.0156759.ref018]\]. Instead, lower temperatures (\<26°C) resulted in an increase of injury. Secondly, during NT, 37°C was maintained as normothermia for P7 rats. 37°C has historically been used by us and many other groups being the NT control temperature to compare with a period of TH treatments, as it was assumed to be the normal core temperature in P7 rats \[[@pone.0156759.ref002], [@pone.0156759.ref025]\]. However, normothermia may vary widely depending on local experimental conditions and it is likely that 37°C is relatively hyperthermic for a P7 newborn rat \[[@pone.0156759.ref018]\]. Thirdly, the maturation of a 7 day old rat brain, as originally described by Rice and Vannucci \[[@pone.0156759.ref027]\], corresponds to a preterm human of around 32--36 weeks of gestation \[[@pone.0156759.ref028], [@pone.0156759.ref029]\]. A P10 rat is thought to be closer to a term human infant with regards to brain maturation. However the P7 model has been intensively studied by many groups worldwide, is thought to sufficiently model the term, and has been used to obtain seminal information about the pathophysiology of HI brain injury \[[@pone.0156759.ref030]\]. Finally, we did not investigate whether 50% Xe alone is neuroprotective in this study. However, we have previously shown that the combined treatment effect of TH plus Xe is based on additional neuroprotection and not synergism \[[@pone.0156759.ref006], [@pone.0156759.ref010]\]. Therefore, we would not expect any significant neuroprotective effect in Xe only treatment group.

Currently, inhaled Xe, in addition to TH, for the treatment of neonatal encephalopathy of hypoxic-ischemic origin has been implemented in two clinical trials, one of which (TOBYXe) was recently published \[[@pone.0156759.ref014]\]. Azzopardi et al. have combined 30% Xe for 24h started within the first 12h after birth with standard cooling started within the first 6h after birth. The authors found no significant differences in short term outcome markers between the two treatment groups and the study stopped recruiting early. There are a number of potential reasons for the lack of efficiency in this trial. Firstly, the onset of Xe ventilation was likely to be outside the therapeutic time window of additional neuroprotection. Secondly, even though there was no significant difference in the HIE severity scores between the two treatment groups, the newborns in the cooling plus Xe group had slightly higher encephalopathy scores at trial entry and during the first week of life. Xe might also exert a positive developmental effect longer term, and an MR examination by 1 week is too early.

Another ongoing clinical trial with both early MR/MRS outcomes and 18 months follow up, CoolXenon (ClinicalTrials.gov Identifier: NCT01545271), is still recruiting patients and combines 50% Xe for 18h (started within the first 5h of birth) with 72h cooling to 33.5°C (started within 3h of birth). The two different treatment protocols in the different trials (TobyXe versus CoolXenon) will answer important questions regarding timing and concentration of Xe administration.

Experimentally, immediate therapeutic hypothermia with or without additional 50% inhaled Xe, does not appear to provide short term neuroprotection after severe HI brain injury in neonatal P7 rats.
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